The reflector of Five-hundred-meter Aperture Spherical radio Telescope (FAST) is supported by cable-net structure, so that to enable its reflector surface to form a paraboloid from a sphere in real time through active control. However, such form-changing operation would lead to about 500MPa stress range for the cable-net structure. Such stress range is nearly twice as much of that defined by the relative standard. So the cable-net structure is the most critical and expendable part of FAST reflector system. So, the service life of FAST would directly depend on the residual fatigue life of its cable-net structure. The present paper would make an effort to find a more appropriate deformation strategy to decrease the stress amplitude of the cable during form-changing operation.
Introduction
The project of Five-hundred-meter Aperture Spherical radio Telescope (abbreviated as FAST), belongs to the national "11th Five-Year Plan" Key scientific projects, has been approved for construction by the National Development and Reform Commission in July 10, 2007. [1] FAST working frequency can cover the range of 70MHz to 3GHz. The design resolution and point accuracy are respectively 2.9′ and 8″. [1, 2] In order to achieve such technical specifications, the root mean square value of the out plane error of its reflector shape should be no more than 5mm.
According to the geometric optical principle of FAST (illustrated as Figure. 1), the supporting structure of its reflector system should be capable of formation of a paraboloid surface from a sphere in real time through active control, that is the most prominent special requirement beyond those of conventional structures. The crossed nodes of the cable-net are used as control points(see Fig.2 ). Each of them is tied to a control actuator by down tied cable. By controlling the actuator using the feedback from the measurement and control system, the position of these cross nodes can be adjusted to form an illuminated aperture with 300m diameters. And this illuminated aperture can move along spherical surface according to the zenith angle of the target objects (see S1 and S2 in Figure 1 ). Later, an extensive numerical comparative analysis has been performed among several different grid types, such as three-dimensional grids, kiewitt grids and geodesic triangle grids. Finally, the last one is determined because of its more uniform of cable stress and cable length. [3, 4] From above-mentioned description, it can be easily seen that the long-term observation process of FAST would lead to long-term frequent shape-changing operation of cable-net structure. Previous research results have shown that such shape-changing operation would lead to about 500MPa stress range [4] . Such stress range is nearly twice as that required by the relative standard. [5] So, the cable-net structure would be the most critical and expendable part of the FAST reflector system. Thus, the service life of FAST would be directly related to fatigue life of its cable-net structure.
In order to improve the reliability of FAST and to extend its service life, the present work, based on the preliminary design, would make an effort to decrease the stress range of the cable caused by shape-changing operation. The stress range optimization The main influence factor analysis There are about 4600 triangular elements supported by the cable-net. The cable-net is consisting of about 7000 steel cables and about 2300 cross nodes. Each cross node is tied to one actuator on the ground. The length of cables is from 10.3m to 12.3m. All cables are disconnected with each other, which enable us to adjust their cross sections according to their loads.
In general, the illuminated aperture is a paraboloid surface, whose profile can be expressed by (1) The variables and parameters of this problem can be summarized as follow: the weight of reflector element w , the density of the cable  , the elastic modulus of cable E , the area of cable cross section i A , the geometric parameters of illuminated aperture p and c , the diameter of the illuminated aperture d , the radius of the cable-net structure R , the diameter of the ring beam D . So, the stress amplitude can be expressed by From Eq(6) we can know that the fatigue stress range of FAST cable is most dependent on the focal ratio of this telescope. The different focal ratio would lead to the different relative position between the illuminated aperture and the base plane, which is directly related to internal forces of cable-net and stroke of actuator.
Materials Science and Engineering Technology
In our early work, three kinds of deformation strategies, namely the strategy Ⅰ, the strategy Ⅱ, and strategy Ⅲ, have been proposed. The relative positions of these three strategies to the spherical base plane are shown in Figure. 3. Among of these strategies, the strategy Ⅰ and Ⅱ are respectively corresponding to the shortest actuator stroke and the minimum deviation from the illuminate aperture to the base spherical surface. The actuator stroke of the strategy Ⅰ is about 0.67m, and the maximum deviation distance of the strategy Ⅱ is about 0.47m. As for the strategy Ⅲ, it is derived based on equal arclength principle, in which the profile arclength of the illuminated aperture is equal to that of the spherical base plane within the 300m diameters of the illuminated aperture. The focal ratios corresponded to these three strategies are respectively 0.4665, 0.4611, and 0.4613.
In the preliminary design of FAST cable-net structure, the deformation strategy Ⅰ was recommended as the prefer control scheme just because of its shortest actuator stroke. Obviously, it is unreasonable to omit the fatigue problem in the deformation strategy optimization, especially for the present case of about 500MPa stress range.
So the present work would make an effort in establishing the relation between the focal ratio and the deformation stress range. And then, by considering both factors of the actuator stroke and the stress range of the cable, we would re-recommend deformation strategy for FAST future observation.
Numerical analysis
In the present paper, ANSYS software is applied for simulation, and link10 is used to simulate the response of the cable. When it does not work, the FAST cable-net should hold spherical shape under combined loads of gravity, initial stress, and down tied cable. In order to derive such state, the inverse iteration method is applied. As for the observation state, the deformation procedure of forming the illuminated aperture from spherical shape can be simulated by the conventional iteration method.
For the FAST condition, the maxmium distance between the spherical and the paraboloid surface is no more than 1m. As we known, the angular velocity of celestial body is about 15 degrees per hour. Accodingly, the radial velocity of the cross node during FAST tracking observation is less than 1mm/s. So, the deformation procedure of the reflecter system in the tracking observation can be taken as quasi-static state procedure. Base on this conclusion, we can replace a continuous observation procedure with a set of sequential discrete observation states. By comparing with the time history analysis method, this method would be capable of saving a lot of calculation time.
For FAST observation, the illuminated aperture is restricted within the scope of the cable-net. Consequently, we can easily deduce the movement range of the illuminated aperture center, which has been illustrated by Fig. 4 . This region contains 550 cross nodes, the interval of any two adjacent ones is no more than 13m which corresponds about only one degree-center angle of 300m radius of reflector. In the present work, these 550 cross nodes are taken as the discrete points, which is used to describe the continuous trajectory path of the center of the illuminated aperture. Thus, any possible observation state during FAST observation can be approximately recognized as one of 550 Advanced Materials Research Vol. 936observation states, whose centers are corresponding to these 550 cross nodes. By using the finite element analysis method, we can simulate these 550 observation states. With the simulation results, stress data of all cables under those 550 cases can be saved as two-dimensional array data. By processing this two-dimensional array data, the maximum stress range of each cable during FAST observation can be easily derived.
However, using the discrete observation states to describe the continuous observation procedure would bring errors in our evaluation. Magnitude of these errors would be directly depended on how dense discrete points used. Obviously, more dense discrete points would lead to more accurate estimated result. So, comparative analysis has been performed on the deformation strategy Ⅱ respectively by using above 550 discrete points and more dense discrete points. For the later, the discrete points contains not only the cross-nodes but also the mid-points of the cables and median-points of the triangle elements, thus there are more than 2200 deformation states need to be simulated for one deformation strategy.
The calculation results derived by above two sets of the discrete points are respectively shown in Fig. 5 a and b . It is can be readily seen that the peak stress ranges derived by using 550 discrete points and 2200 discrete points are respectively 488MPa and 491MPa, difference between them is no more than 1%. So, we can assume that using 550 cross nodes has enough accuracy for engineering design. The subsequent work of this paper is just based on this assumption. a) Simulation result achieved by 550 discrete points b) Simulation result achieved by 2200 discrete points Utilizing the same procedure, the distribution of the stress range for other two types of deformation strategies can be derived. The peak stress range of the strategy Ⅰ and strategy Ⅲ are respectively 547MPa and 482MPa. By using the least square method, the relation of the focal ratio and the peak stress range can be fitted by quadratic polynomial, from which we can predict that the focal ratio value corresponding to the minimum stress range is about 0.4633. The corresponding profile shape of the illuminated aperture can be determined by Eq(1) and Eq(5).
We input this new deformation strategy into the above analysis procedure, we can derive that the maximum stress range of this deformation strategy is 488MPa, which is same to that of the focal ratio of 0.4613. Then, by repeating the above steps with interpolation of this new data point, the focal ratio of 0.4621 can be further determined. The further simulation result has shown that the maximum stress range corresponding to the focal ratio of 0.4621 is 459MPa, which is about 90MPa beneath that of deformation strategy Ⅰ and 30MPa beneath that of the strategy Ⅱ.
However, it is difficult to say whether 0.4621 is the optimum focal ratio for the fatigue problem of the cable-net. For this reason, other two strategies with 0.4620 and 0.4622 of focal ratios have also been investigated in the present work. And the simulation results have shown that the peak stress ranges leaded by these two deformation strategies are respectively 462MPa and 460MPa, both of them are slightly higher than that caused by the deformation strategy with focal ratio of 0.4621. So, we have reasons to believe that the deformation strategy with focal ratio of 0.4621 is very close to the deformation strategy corresponding to the minimum stress range.
Materials Science and Engineering Technology
It also should be noted that the actuator stroke of this strategy is 0.89m, which is also 50mm beneath the strategy Ⅱ. By comparing the stress range and actuator stroke of these deformation strategies (see Table. 1), we would recommend the strategy with focal ratio of 0.4621 for FAST application. 
Conclusion
During FAST observation procedure, the stress range borne by its cable is more than twice as that provided by the relative standard. In order to improve the reliability of FAST, the present work has performed an extensive numerical and experimental investigation to decrease the stress range of the cable caused by shape-changing operation. Then, the focal ratio is the key influence factor of the stress range of FAST cable-net structure caused by shape changing operation. And 0.4621 is suggested as the most appropriate focal ratio, which would lead to about 30MPa reduction of the stress range and 50mm reduction of actuator stroke.
